Abstract-The purpose of this paper is to propose a novel concept of a high-speed electric machine system with integrated airfoil-shaped rotor designed to perform axial-flow compression for vehicle applications. The proposed high-speed machine is both a motor for electromagnetic (EM) energy conversion and an axial flow compressor for thermodynamic energy conversion. Conventional designs usually have a separate motor and compressor that are connected through a common shaft with or without a gearbox. The proposed design simplifies the high-speed machine and compressor system by eliminating the components that connect the motor and the compressor. The integrated motorcompressor design can achieve a more compact system. The fluxswitching permanent magnet (FSPM) machine is chosen out of several possible electric machine topologies with salient rotor pole features for the integrated motor design. The feasibility of this integrated motor-compressor design is discussed from both the EM and thermodynamic perspectives in this paper. The selection of slot/pole combination and EM sizing equations for the integrated FSPM motor-compressor are discussed. Mean-line design equations for the axial flow compressor are studied for the proposed integrated motor-compressor. The EM torque production capability of the proposed integrated motor-compressor is verified for one possible design in this paper by finite element analysis (FEA). The effects of two different attack angles of the rotor blades are studied compared to the conventional FSPM machine. The FEA results show that the proposed integrated motor-compressor achieves the expected output performances.
I. INTRODUCTION

C
OMPRESSOR systems have been used in a wide spectrum of applications such as vehicle engines, turbines, and Heating, ventilation and air conditioning (HVAC) systems with a wide range of power and speed ratings. In particular, compressors are used in many transportation applications including on-road vehicles, off-road vehicles, airplanes, and ships. For example, electrification efforts where compressors are used such as turbochargers, air conditioners, refrigeration, and aircraft propulsion systems are rapidly growing. Since the energy demand for electrified transportation systems is projected to increase steadily in the future decades, the demand for more efficient compressor systems is also expected to grow significantly [1] - [5] . There are continuous efforts to improve the performance of compressor systems so as to benefit society on a large scale. Compressors can be classified as either positive displacement or dynamic types. Positive displacement compressors include piston and screw compressors and dynamic compressors are either centrifugal or axialflow type. While centrifugal compressors could have a higher pressure ratio for a single stage, axial flow compressors have the advantages of high efficiency and a lower cross-sectional area for a given mass flow rate [6] . The low cross-sectional area makes axial flow compressors ideal for aircraft propulsion technology. axial flow compressors are also useful for large industrial generators, high-speed ship engines, blast furnaces, and industrial process plants such as oil refineries [7] , [8] .
Generally, the axial flow compressor rotor is required to operate at very high speeds to achieve the desired compression action. The electric motor should be able to operate at high speeds when directly coupled to the compressor. An example of such a system is the Turbocor, where the multistaged centrifugal compressors are directly coupled to the highspeed electric machine as shown in Fig. 1 [9] . Alternatively, a gearbox can be used to drive a high-speed compressor using a conventional speed motor. In either of the configurations, the electric motor and the compressor are separate components and the total system efficiency is reduced by the efficiency multiplication of individual components in the coupled system. The overall reliability of the system also follows a similar trend, i.e., as the number of individual components increase, the reliability decreases.
In present-day applications, there is an increasing interest to improve the total system efficiency by incorporating high-speed machines to create a direct drive approach and eliminate or reduce mechanical transmission stages. Additionally, the required efficiency regulations are projected to become more stringent [10] - [12] and the industry as a whole is working toward higher efficiency systems. Although high-speed machines with direct drive capabilities have been investigated for compressor applications [13] - [15] , the prime mover and compressor are still modeled as individual components.
There is an opportunity to improve the compressor performance by integrating an electric machine as the first stage of the compression process. Especially in axial flow compressors, the number of components for the compressor system as well as the overall length and weight can be reduced. The primary characteristic of such an integrated machine should Fig. 1 . Traditional compressor system with a separate motor and (centrifugal) compressor stage (source: Turbocor Danfoss) [9] .
have a rotor that can withstand high centrifugal forces and also be convenient to incorporate the blade shape required to achieve the necessary compression. One proposed integrated high-speed machine using the flux-switching permanent magnet (FSPM) machine topology with an airfoil-shaped rotor is shown in Fig. 2 . However, it is noted that any machine with a salient pole rotor structure may be suitable for this approach. The machine design depends on the specific requirements for an application such as the costs, size and weight, and power density.
The goal of this paper is to propose a novel concept of an integrated motor-compressor that performs axial-flow compression. Potential applications include turbochargers, air conditioners, refrigerators, air compressors, and aircraft propulsion systems for all kinds of ground, sea, air, and other electric vehicles. The proposed machine itself is both an electric motor and an axial flow compressor. The rotor is designed as modified airfoils that can carry magnetic flux and compress the inflow air simultaneously. The electrical power feeding into the integrated motor-compressor is converted into the mechanical power of the rotor and then converted to the power in the compressed air. A multiphysics approach should be taken in the design practice. Section II discusses the electromagnetic (EM) design aspects of the integrated motor-compressor. Section III discusses the thermodynamic considerations of the integrated motor-compressor. Section IV provides finite element analysis (FEA) studies of the integrated motor-compressor based on the proposed analytical studies, and the torque production capability is verified. The conclusion is provided in Section V.
II. ELECTROMAGNETIC DESIGNS OF INTEGRATED MOTOR-COMPRESSOR
A. Electric Machine Design Requirements
One of the limitations for the highest operating speed that can be achieved by an electric machine is the structural integrity of the rotor assembly and the high-frequency losses [16] - [19] . With most of the high-speed applications facing these constraints, there has been significant research regarding obtaining a suitable machine design. Induction machines (IMs) are frequently adopted for high-speed applications due to their robust and simple rotor structure [15] , [17] , [19] - [21] . However, due to the unique requirement for an integrated compressor motor, only a passive salient pole rotor structure, such as a switched reluctance (SR) machine, can be used. The SR machines have a small air gap, but some of them could have low power factor and lower power density relative to IM or PM machines [22] , [23] . Designs that have some of the advantages of PM machines and have a salient pole rotor structure, such as the FSPM, doubly salient PM (DSPM), and flux reversal PM (FRPM) machines, offer viable alternatives. Among the stator-mounted PM machines, FSPM machines are known to be more torque dense due to the flux focusing effect. Additionally, DSPM and FRPM machines produce trapezoidal flux linkage and back EMF waveforms while FSPM machines have sinusoidal waveforms making them more suitable for conventional ac drives [24] . The FSPM machine has been widely studied and shown to be suitable for high-speed applications [25] , [26] . Hence, an FSPM machine is chosen for this paper.
In addition, electric machines require some form of cooling mechanism. For a typical PM machine, forced air convection is commonly implemented by adding an external fan. Preliminary calculations suggest that the mean air flow required to achieve appropriate cooling is 10 m/s [27] for a machine used in industrial compressor applications. Such forced air convection will naturally occur in the proposed integrated compressor motor design. In addition, the armature winding and the permanent magnets are both located on the stator, which aids in efficiently cooling the excitation components in an FSPM machine.
B. FSPM Machine Topology Selection
FSPM machines have been thoroughly investigated over the past few years and a wealth of literature is available. There are some primary design parameters that strongly influence the EM viability of the integrated motor-compressor while also achieving the desired compression. The number of stator slots and rotor poles is one such crucial specification to be determined. The required fundamental operating frequency f e (Hz) of a three-phase FSPM machine can be computed as
where n is the operating speed in rpm and N r is the number of rotor poles. To achieve high compression ratios, the number of rotor poles must be high. To minimize the EM high-frequency associated losses including iron loss and magnet eddy current losses, the number of rotor poles must be low. There is a conflicting tradeoff and the pole number must be carefully chosen. In addition, there are only certain stator slot/rotor pole combinations that are viable and can be estimated as [28] 
where N s is the number of stator slots, m is the number of phases, and n 1 , n 2 are any positive integers. It should also be mentioned that the number of stator slots must be an even number.
There are some concerns that must be considered before selecting the stator slot/rotor pole combination for high-speed operations. For instance, the number of coils per phase should be even in order to achieve symmetric phase flux linkage and back EMF [29] . However, such specification may not be true for some slot/pole combinations [30] . If the number of rotor poles is odd, the rotor experiences unbalanced magnetic forces [31] , [32] and may develop fatal structural vibrations and noise at high-speed conditions.
Numerous analytical and experimental studies were conducted on the 12/10 FSPM machine configuration, and it has been identified and experimentally verified in the literature to be a viable candidate regarding the EM performance capable of operating at high-speed conditions [26] , [33] - [37] . The FSPM machine can be sized based on analytical equations [38] . The required power output (P out ) can be calculated based on the following equation:
where K m is the leakage factor, K t is the ratio of stator tooth width to pole pitch, η is the nominal efficiency, B g,pk is the peak gap flux density in T, A s,rms is the electrical loading in A rms /m, D is is the stator inner diameter in m, and L e is the machine effective length in m. Once the above parameters are determined, the output torque can also be determined as
C. Modified Electromagneic Design for Integrated Motor-Compressor
The 12/10 FSPM machine in its conventional configuration is efficient at achieving EM torque. Any air or fluid displaced by the conventional salient rotor is considered as windage loss and hence designed to have as little fluid displacement as possible [39] . However, in the integrated motor-compressor, the goal is to achieve compression by displacing the fluid efficiently while producing the EM torque with the same rotor poles. Hence the rotor pole shape and stator axial shape must be modified.
One of the methods used in EM designs to minimize cogging torque and acoustic noise is to skew the rotor [40] . It is well understood that if a skewed rotor has a salient structure, it also produces a fluid displacement in an axial direction. However, the axial fluid displacement due to the skew is largely ignored since such effects are minimal compared to the overall output power. In the proposed novel integrated motor-compressor design, along with the rotor skew, the poles are shaped to have a curvature that fits the blade profile of a compressor as shown in Fig. 2 to enhance the axial air flow to achieve compression. The blade profiles that can be integrated into the machine design and achieve the necessary compression are discussed in Section III.
The rotor curvature angles for EM performance are limited by the stator slot angle. However, to achieve compression, the modified airfoil-shaped rotor pole may need a higher degree of curvature. This can be addressed by skewing the stator and magnet geometry relative to the rotor geometry. This maintains the relative curvature angle to be within the EM limits and offers the freedom to shape the rotor further to achieve efficient compression. Since the rotor blades should be curved as airfoils, and stator and magnets should also be curved or skewed to match the rotor blade profile, there is an additional coefficient introduced into the torque equation to account for the effect of such modification
In this equation, the curvature coefficient K curve is defined to describe torque production modification due to the rotor airfoil and stator or magnet curvature effect. It is noted that K curve is equal to or less than 1. The design objective in the EM perspective is to maximize the K curve to produce more torque, on the condition that the compressor rotor blades and stator and magnet curvature are appropriately designed.
The proposed integrated FSPM motor-compressor requires particular considerations on the EM and structural design. The airfoil-shaped rotor blades are not uniform in the axial direction, and the thin portion of the blades can be magnetically saturated if used to conduct flux. Therefore, the rotor blades are extruded in the axial length so that only the thick portion of the rotor blades are within the stator stack length to conduct magnetic flux and produce torque. The thin portion of the rotor blades is left outside of the stator stack length. The rotor tooth tips could potentially be designed using fin tip such as thin shoe structure to improve the EM performance. However, it could potentially disturb the axial flow and reduce the compressor performance. For simplicity of this paper, rotor tooth tips are therefore not considered. The airfoil-shaped rotor has bidirectional magnetic flux so that the iron loss in the rotor will be generated. To reduce the iron loss and improve the machine efficiency, the airfoil-shaped rotor could be designed using laminated steels. It needs to be mentioned that the airfoilshaped design has different cross sections across the axial length, so multiple different lamination pieces are required. To eliminate the need to manufacture different laminations, alternative techniques could be used such as soft magnetic composite (SMC). The rotor can be easily shaped by SMC material as a unified body without laminations. One possible design could be that the rotor yoke is still designed with laminated steels with cavities. The airfoil-shaped rotor poles are designed with SMC materials, and they can be inserted into the rotor yoke cavities. This technique utilizes the benefits from both laminated steels and SMC material. It should also be noted that the SMC material could have a lower saturation flux density than steel, but some SMC materials have saturation flux density that is close to the laminated steel.
The appropriate design of the stator part is crucial in improving the EM torque production capability and compression ratio. Ideally, the stator curvature profile should follow that of the rotor airfoil profile to provide the maximum torque. However, in practice, this may be challenging to realize. One alternative method of designing the stator part is to implement conventional skew in both the stator lamination stacks and the permanent magnets. In this case, the magnets need to be continuously skewed, and possibly segmented in the axial direction to reduce the magnet eddy current losses. In general, continuous skewing on the magnets is difficult to achieve. Nevertheless, another method is to implement stepped skew for both the stator lamination stacks and the permanent magnets. In this case, the magnets can be manufactured as many small axial segmentations and be inserted into the stator sockets. Additionally, the end windings and salient nature of stator slots will cause disturbance to the axial flow if they are exposed to the fluid flow. Therefore, nonmagnetic-tube can be utilized to guide axial flow only into the rotor cross section so that the axial flow will not be in contact with the end windings. The stator inner surface cavities including the stator slot opening could also be sealed to prevent axial flow from leaking into the cavities and reducing its compression status.
D. Thermal Considerations of the Integrated Motor-Compressor
Along with the EM considerations, the thermal aspects of the design must also be investigated. FSPM machines have an inherent advantage since both the armature and the magnets, which are greatly influenced by the operating temperature, are located on the stator and easily accessible to dissipate the losses [41] . The permanent magnets used in the proposed machine could be either rare earth magnets or ferrite magnets. In this design study, NdFeB magnets are used. Implementing a proper cooling mechanism to maintain the operating temperature improves the EM performance and increases the reliability and operational life of the machine. The main sources of heat in the EM design are the Joule losses in the winding, magnets and core losses due to a finite resistivity of the material, and hysteresis losses in the core material. Additionally, the temperature of the compressed gas also increases, therefore increasing the temperature of the integrated motor-compressor system. Considering an adiabatic gaseous compression, the change in temperature can be calculated as
where P 1 and P 2 are inlet and outlet air pressure and k is the heat capacity ratio, which is approximately 1.4 for air. The pressure ratio per stage for axial flow compressors is typically around 1.05-1.2 per stage for subsonic flow [5] . Since the Fig. 3 . Average air speed versus the rated power of totally enclosed fan cooled motors [27] .
integrated motor-compressor serves only as the preliminary stage of the axial-flow compression process, using (7), the maximum raise in temperature due to compression can be calculated as 5% of the inlet temperature. Assuming ambient inlet temperature, the temperature raise due to adiabatic compression is relatively small compared to the increase in temperature due to EM losses in the system. Various cooling mechanisms are utilized in electric machines depending on the design and power density required. A forced air convection cooling is among such processes, which are typically employed by adding an external cooling fan that is axially coupled to the shaft and utilizes a portion of the EM torque produced. For a 40 kW machine, the mean air velocity required for appropriate cooling can be up to 10 m/s [27] as shown in Fig. 3 . The energy consumed by this airflow largely goes unused except for the necessary thermal dissipation. In the proposed integrated motor-compressor, one of the objectives is to achieve high flow rate along the axial direction. Ideally, the axial velocity required for compression is much higher than the flow velocity required for cooling. Hence, the generated axial flow also serves as the cooling mechanism for the machine, thus eliminating the need for an external cooling fan. Eliminating external cooling mechanism further increases the power density of the machine by reducing the total volume and reducing the losses.
It has to be noted that an increase in the air temperature will require more energy to achieve the same compression ratio [5] , thus leaving less EM torque to operate further stages. This can be overcome by appropriately oversizing the machine based on the temperature raise in the axial flow due to EM losses. Alternatively, cooling techniques such as an external oil cooling jacket, can be utilized to maintain magnet temperatures based on the overall volume and weight tradeoff created by oversizing. Since this paper is focused primarily on establishing the electromechanical feasibility of the proposed integrated compressor motor, detailed thermal analysis is considered out of scope here.
III. THERMODYNAMIC CONSIDERATIONS OF THE INTEGRATED MOTOR-COMPRESSOR
A. Mean-Line Thermodynamic Design
Much of the preliminary design of the axial flow compressor can be done using 1-D mean-line design. This type of preliminary design assumes axisymmetric flow and analyzes the thermodynamic properties of the flow occurring only at the mean blade diameter for each stage. If the mass flow rate, the cross-sectional area for the flow, the air flow turn angle, and the speed of the rotor in rpm are known, it is possible to approximate the stage pressure ratio and input power required for the stage using mean-line analysis. The input power P shaft (W) per stage required to turn the air by the desired turn angle assuming no surface or body forces is calculated as [6] 
whereṁ is the mass flow rate of the air in kg/s, r is the mean blade radius in m, ω is the rotational velocity of the rotor in rad/s, and V u is the component of the air velocity tangent to the direction of blade motion in m/s. The subscripts 1 and 1.5 on the tangent air velocity components correspond to the velocity at the inlet and outlet of the rotor, respectively. For compressors without inlet guide vanes, V u1 can often be assumed to be zero. V u1.5 can be found from the turn angle using velocity triangles as explained in [6] . An example of velocity triangles at the rotor inlet and exit is shown in Fig. 4 . In this diagram, V is the absolute velocity of the air, U is the velocity of the moving rotor blades, W is the relative velocity of the air with respect to the rotor blades, β 1 and β 1.5 refer to the flow angle of the air relative to the rotor blade at the leading edge and trailing edge of the blade, respectively, and V u1.5 is the tangential component of the absolute velocity of the air at the rotor exit. β 1 minus β 1.5 is equal to the turn angle. The turn angle is the angle by which the direction of the flowing air is changed due to the rotor motion.
The total pressure ratio for the inlet to the outlet of the stage for an adiabatic reversible process can be calculated using (7) which can be rewritten as [6] , [42] where P o is the stagnation pressure in kPa, T o is the stagnation temperature in K, and subscripts 1 and 1.5 refer to the inlet and outlet of the rotor stage, respectively. The stagnation pressure and temperature are defined as the pressure and temperature of the flowing air if it were adiabatically and reversibly slowed to zero speed. Stagnation pressure and temperature are also known as total pressure and temperature. Bathie [6] and Munson et al. [42] give more information about calculation of stagnation pressure and temperature. Bathie [6] also gives an example calculation of the increase in stagnation temperature from inlet to outlet of an axial flow compressor stage.
B. Considerations for Blade Angles and Angle of Attack
National Advisory Committee for Aeronautics (NACA)-65 airfoils were the most common blade shapes used in the U.S. axial flow compressor development. The U.S. government published the results from extensive, systematic experimental test data of NACA-65 blade cascades tested in the 1950s [43] , [44] . From this test data and available scaling laws using nondimensional parameters, many robust axial flow compressors have been designed.
Assuming a NACA-65 blade profile is chosen for an axial flow compressor design, the designer must still choose several dimensional parameters and ratios, as well as the number of blades, blade angles, and angle of attack. The angles should be chosen such that at operating speed, the relative velocity of the incoming air is at an appropriate angle of incidence and the exiting air is at an appropriate angle of deviation with respect to the moving blades to allow for acceptable efficiency and desired turn angle. Empirical formulas for the angles of incidence and deviation are given in [45] . If the air flowing around the blade is turned by the correct angle during normal operation, this should produce the desired pressure ratio for the stage.
The angle of attack α is the difference between the relative flow angle of the incoming air to the moving compressor blades β 1 and the stagger angle γ as shown below. An illustration of these angles is provided in Fig. 5 . The relative flow angle of the incoming air can be determined if the absolute velocity of the inlet air and the blade velocity are known
From [45] , the following empirical equation was presented for determining the ideal design angle of attack α * in degrees, where θ is the blade camber angle in degrees, a is the distance to the point of maximum camber along the chord in mm, c is the chord length in mm, and σ is the solidity ratio:
Equation (13) applies to NACA 65-series blade profiles and is based on the experimental data presented in graphical form in [27] . The blade-shaped parameter K sh is equal to 1 and the design incidence angle thickness correction factor K t,i depends on the thickness of this blade profile. For NACA 65-410 blade profile K t,i is equal to 1 while for NACA 65(4)-421 blade profile, K ti is equal to 1.33. The correlation can also be used for certain other blade profile shapes and thicknesses to chord length ratios by adjusting K sh and K t,i per correlations are given in [44] and [46] .
C. Effect of Solidity on Total Pressure Ratio
The outer diameter of the rotor stage is usually chosen early in the design process and provides an overall starting point for the rotor blade sizing. A mean-line thermodynamic analysis similar to what was presented earlier can be used to design the outer diameter of the rotor stage. Important dimensional ratios for use in blade design are the solidity, hub-to-tip ratio, and aspect ratio. These three ratios are defined in the following equations, respectively:
hub-to-tip ratio = d hub d blade tip (15) A R = h c (16) where s is the blade pitch (also known as blade spacing) in mm, d hub is the rotor hub diameter in mm, d blade tip is the diameter to the blade tips in mm, AR is the aspect ratio, and h is the blade height in mm. The number of blades per stage is related to the solidity, aspect ratio, and rotor diameter. Most axial flow compressor designs in use today have solidities ranging from 1.0 to 1.5 [5] . Most axial flow compressor rotor stage designs with a blade tip diameter of 100 mm and a hub-to-tip ratio of 0.7 would have 10 or more blades using the aforementioned solidity and aspect ratio guidelines. Fig. 6 shows the calculated total (stagnation) pressure ratio for a single stage axial flow compressor as a function of solidity at different inlet velocities. These curves were generated using the same blade tip diameter and hub-to-tip ratio that were used for the aspect ratio calculations. Additional constant inputs for this calculation were a rotor speed of 35 000 rpm, ambient temperature of 298 K, and ambient static pressure of 101.3 kPa for the inlet air, and inlet air velocity solely in the axial direction. The blade shape used was a NACA 65(4)-421 blade profile with a maximum thickness to chord ratio of 0.21. The blade camber using a circular arc camber line is 10°.
The calculations were performed for the 1-D case using the mean blade diameter of 85 mm. β 1 was found using velocity triangles at the rotor inlet. α * was found using (13) and a/c was chosen to be 0.5. The designed stagger angle of the blade γ was found, and combined with the camber angle θ the various blade angles were found. The deviation angle δ * was calculated from the following equations [45] : (18) where (δ * 0 ) 10 is the zero-camber deviation angle from [47] , the blade shape parameter K sh equals 1, and the design deviation angle thickness correction factor K t,δ depends on the thickness of the blade profile. For NACA 65-410 blade profile, K t,δ equals 1 while for NACA 65(4)-421, K t,δ equals 2.97. The slope parameter m can be found from several other empirical equations given in [45] based on the experimental results presented in [44] .
From the deviation angle and the blade exit angle, the flow angle of the relative velocity of the air exiting the blade was found. With the inlet and exit flow angles known, velocity triangles were used to determine the tangential velocity component V u1.5 of the flowing gas. This tangential velocity component was used to find the required input power via torque equation (6) , and the total pressure ratio was then found using (9) .
From the results shown in Fig. 6 , it can be seen that higher pressure ratios can result from higher solidities. Designed solidities for most axial flow compressors are within the range of 1.0-1.5, which is considered the range where cascade experimental data are applicable [5] . The calculations for the total pressure ratio as a function of solidity using (13) and (17) may lose significant accuracy above solidity values of 1.5 where channel theory is more appropriate.
IV. DESIGN VALIDATION OF INTEGRATED MOTOR-COMPRESSOR
A. Design Study From Analytical Methods
A design case is analyzed in this section for the integrated motor-compressor based on the FSPM machine topology. It is identified in the previous two sections that the 12/10 combination is effective in EM energy conversion and also acceptable for compressor design with an airfoil-shaped rotor. Accordingly, this configuration has ten rotor poles Fig. 7 . NACA65(4)-421 blade profile [49] .
that are shaped as ten blades for the axial flow compressor rotor stage. There is a stationary compressor diffuser stage added to the rotor stage to form a complete single stage axial flow compressor. The function of the rotor stage is to accelerate the gas flowing into the compressor in the tangential direction and increase the kinetic energy of the gas. The diffuser stage decelerates the gas while increasing its pressure.
The design of the proposed integrated FSPM motorcompressor is different from a conventional FSPM machine in many aspects. For a conventional 12/10 FSPM machine, the width of the rotor poles is typically designed as 1.4 times the width of stator teeth width to produce sinusoidal back EMF and high torque [48] . The thickness of the blade profile is proportional to the length of the blade chord. In the integrated FSPM motor-compressor design, the chord length needs to be increased to increase the thickness of the rotor blades, which leads to an increase of solidity. For axial flow compressors, the solidity value typically needs to be equal to or smaller than 1.6 [47] . Therefore, there is a tradeoff study in determining the blade thickness and the solidity of the proposed integrated FSPM motor-compressor. To balance the design of blade thickness and solidity, a thicker blade profile will be needed. In this design, NACA 65(4)-421 blade profile with a maximum thickness of 21% of the 40 mm chord length is used as the rotor profile shown in Fig. 7 . The solidity is set to be 1.5, the blade chord length is set to be 40 mm, and the maximum thickness of the blade is 8.4 mm, which is 95% of the stator tooth width. The NACA 65(4)-421 blade has a lift coefficient of 0.4 with 10°turn angle. The lift coefficient is used to calculate the lift force of air acting on the blade. Typically, a higher lift coefficient will result in a higher turn angle, torque, and pressure ratio [5] . In this design, as the relative speed between the air and blade is 0.6 Mach and lift coefficient is 0.4, in the NACA wind-tunnel test, the optimized attack angle for NACA 65(4)-421 blade is estimated to be 2° [49] . However, when considering the solidity, camber angle, and blade thickness correction factor in this design the designed attack angle should be 13.7° (13) . Based on the velocity triangle and blade profile, the relative flow angle of incoming air is 48°, which is the sum of attack angle and stagger angle. In this design, with the attack angle being 2°a nd 13.7°, the stagger angle is 46°and 34.3°, respectively.
The combined EM and thermodynamic study is done for the proposed integrated FSPM motor-compressor. The detailed structure of the proposed integrated motor-compressor showing the skewing of the stator tooth and magnets is presented in Fig. 8 . The stator front face axial cross section, maximum thickness rotor pole face axial cross section, and stator back face axial cross section of the proposed integrated motor- Fig. 9 . In Fig. 8 , it is shown that the stator and magnets are skewed by the same degree in order to align with the airfoil-shaped rotor. In Fig. 9 , the width of rotor pole and stator tooth at different cross sections are shown. Due to the airfoil-shaped rotor, the cross sections of rotor are not the same across the axial length. The maximum thickness of the NACA 65(4)-421 blade has a thickness of 21% chord length in this design, as shown in Fig. 9(b) , and the rotor pole width is larger than the stator tooth width, which is good for producing torque.
A case-study design using the EM sizing equation and compressor design mean-line analytical calculations yields a highspeed integrated motor-compressor capable of producing 7.9 kW output power as shown in Table I . The airfoil-shaped rotor spins at a speed of 35 000 rpm with an axial air flow velocity 140 m/s. The compressor key parameters including solidity and aspect ratio are determined as 1.5 and 0.375, respectively. The calculated ideal pressure rise of this single stage is 9.55%. The power required to perform the designed compression work is 5.42 kW, and the rest of the power produced by the integrated machine is used for later compression stages. It should be mentioned that the proposed integrated motorcompressor is just the first stage of a multistage axial flow compressor system. The "later compression stages" in this context refers to the rest of multistage compressor stages, which is designed with conventional compressor rotors and stators. Compressor rotors in the later compressor stages share the same shaft with the rotor of the integrated motor-compressor, so that compressor rotors of all the stages have the same rotational speed. The proposed integrated motor-compressor functions to perform the first stage compression work, and also provides torque and mechanical energy to the rest of the compressor stages to perform additional compression work. The total compression ratio from all the stages will be greater than the compression ratio from just the first stage.
B. Torque Production Capability Verification Using FEA
The purpose of this section is to investigate the torque production capability difference between the conventional 12/10 FSPM machine and airfoil-shaped rotor integrated FSPM motor-compressor with two different attack angles. It is to be noted that the compressor stator, shown in Fig. 2 , does not play a significant role in the EM torque production. In the interest of clarity, these components can be ignored in the EM design. Three designs are compared that are conventional FSPM, airfoil-shaped rotor with 2°attack angle, and airfoil-shaped rotor with 13.7°attack angle. The three designs have the same blade tip diameter of 100 mm, stator outer diameter of 150.68 mm, and stator stack length of 20 mm. The chord length of both the airfoil-shaped rotor designs is kept as 40 mm. Due to the stagger angle requirement, the rotor axial length for the design with a 2°attack angle is 27.8 mm, and for the design with a 12.7°attack angle is 33 mm. To allow higher torque production capability, the thicker portion of the rotor blades is maintained within the 20 mm stator stack length, leaving the thinner portion of rotor blades outside the stator. As the blade tips at the two ends are too thin to generate high fidelity meshes in the EM FEA software, in the second and third designs, a total of 3 mm axial length is removed at the two ends of the rotor. As a result, the axial length for the second and third designs is 24.8 and 30 mm, respectively. The flux density distribution for the three designs at no load condition are shown in Fig. 10 . The flux density contour plots for the three rotors at no load condition are shown in Fig. 11 to better demonstrate the rotor shapes. The flux linkages and back EMF of the studied three designs at no load condition are shown in Figs. 12 and 13. It is seen that the flux linkage and back EMF are sinusoidal waveforms. The magnitude of flux linkage for the conventional machine, 2°attack angle airfoilshaped rotor, 13.7°attack angle airfoil-shaped rotor designs at no load condition are 1.7, 1.3, and 1.5 mWb, respectively. The magnitudes of back EMF for the designs above are 60.8, 48.3, and 57.4 V pk . The airfoil-shaped rotor with 2°attack angle has 79.4% of the back EMF as that of the conventional machine design, while the 13.7°attack angle airfoil-shaped design has 94.5% of the back EMF as that of the conventional machine design. With 94.71 A pk rated current applied, the flux linkage and phase voltage at rated condition for three machines are shown in Figs. 14 and 15 , respectively.
The torque production properties of the three machines are also compared by 3-D FEA. From the cogging torque comparison of three machines shown in Fig. 16 , the cogging torque amplitude of the two airfoil-shaped rotor machines are much smaller than the conventional FSPM machine. The torque waveforms of three machines at rated condition are shown in Fig. 17 . The average torque for the conventional machine is 2.47 N·m, while the average torque for the rotor with 2°and 13.7°attack angles are 1.85 and 2.15 N·m, respectively. The decrease of torque in airfoil-shaped rotor design compared to the conventional rotor design is measured by the curvature factor K curve . K curve is estimated to be 0.75 at 2°attack angle and 0.87 at 13.7°attack angle.
The average torques versus armature current relationships for three machines are shown in Fig. 18 . It can be seen that all the three designs present linear torque with respect to the applied current up to overload conditions. As shown in Fig. 18 , saturation effect takes place when the armature current is greater than 250 A. In this design, the rated current is 94.71 A, which is in a safe region without saturation. The peak current of the machine is assumed to be two times the rated current. This design reflects excellent overload capability. The conventional design produces the most torque, followed by the design with a 13.7°attack angle and the design with a 2°attack angle.
Iron loss of the conventional machine and the proposed integrated motor-compressor with 2°and 13.7°attack angles for rotor are also calculated at 35 000 rpm using FEA shown in Table II . As is shown in the table, the iron loss at rated condition for the conventional machine is much larger than the proposed machine with different attack angles. Although the three machines have the same stator volume, the conventional machine has the largest stator iron loss due to more saturated steel under rated condition. The rotor iron loss of the airfoilshaped designs is less than that in the conventional design, and this is due to the fact that the rotor iron volume is less than the conventional design. When comparing the two proposed machines, the one with the smaller attack angle has lower eddy current loss and lower hysteresis loss because the curved rotor poles have more volume to conduct magnetic flux and they are less saturated. The effect of reduction of magnetic flux density outweighs the effect of the increase of rotor volume, so the rotor iron loss is reduced.
There are mainly two tradeoffs in designing an integrated motor-compressor. The first is the compromise between the blade thickness and solidity to satisfy both EM and thermodynamic requirements. The second is setting the attack angle considering the EM and thermodynamic performance. It is clear that to increase the curvature factor K curve for better EM performance, the attack angle needs to be increased. However, the optimized attack angle at certain lift coefficient and blade thickness for the applied blade profile should be smaller to improve the compressor thermodynamic performance.
V. CONCLUSION
This paper proposes a novel axial flow compressor concept that integrates a high-speed PM motor with airfoil-shaped rotor poles. The proposed integrated motor-compressor design is capable of producing the EM torque required to drive multiple compressor stages while actively achieving fluid compression. A case study was conducted in this paper. The key research conclusions are summarized as follows.
1) A skew in the rotor pole geometry will produce some axial gas flow, but will not produce gas compression.
The rotor pole shape must be modified to represent a curved airfoil to achieve compression. Since the skew angle is limited by the stator slot pitch, skewing both the stator and the rotor can achieve the desired rotor blade curvature angle.
2) The flow of gas through the integrated motor-compressor also helps in cooling the motor and thus eliminating an auxiliary cooling fan required from completely enclosed fan cooled machines. This further improves the efficiency and reliability of the machine. 3) Higher compressor solidity values toward 1.5 were shown to produce higher per stage pressure ratios using the empirical flow angle formulas and mean-line thermodynamic analysis. 4) The design of the integrated machine includes the selection of the appropriate number of blades for both efficiency EM and thermodynamic energy conversion. The ten-pole rotor is considered the baseline design for the integrated machine. 5) A case study was done using analytical calculations to show a design integrated motor-compressor with 7.9 kW output power, with the compression power of 5.42 kW and pressure rise of 9.55%. The EM torque production capability of various modifications of the proposed integrated motor-compressor is verified by 3-D FEA results.
